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Surface reconstructions during homoepitaxial growth of GaN (0001) are studied using reflection 
high-energy electron diffraction and scanning tunneling microscopy. In agreement with previous 
workers, a distinct transition from rough to smooth morphology is seen as a function of Ga to N ratio 








 GaN growth is observed. Observations have been made using four different nitrogen plasma 




2 structure of the surface can be obtained, but only 





Significant progress has been made in the past several
years in understanding the kinetics and the equilibrium
surface structures formed during growth of GaN by
molecular beam epitaxy (MBE)  [1] [2] [3] [4] [5] [6]
[7] [8] [9] [10] [11] [12] [13] [14]. An important aspect




 of the surface
formed during growth. As demonstrated by MBE stud-
ies of GaAs and other III-V surfaces over the past sev-
eral decades, surface reconstructions as monitored by
reflection high-energy electron diffraction (RHEED) are
valuable real-time indicators of temperature and surface
stoichiometry during growth. In addition, since the
(0001) and (0001) directions of GaN are inequivalent,
observation of the surface reconstructions can be used to
distinguish the predominant film polarity  [11] [12] [13]
[14] [15]. Recent studies by scanning tunneling micros-
copy (STM) combined with first-principles theory have
produced an understanding of most of the major recon-
structions for both the GaN(0001) (or Ga-face) and
GaN(0001) (or N-face) surfaces  [11] [12] [13] [14].
Despite the above mentioned progress in under-
standing the surface structures of GaN, a significant dis-
crepancy exists concerning one particular




 structure of Ga-face
material. This is an important structure since it has been
cited as an indicator of optimal growth conditions dur-
ing MBE  [3] [4]. Growth under Ga-rich conditions in
MBE yields flat, smooth surfaces, whereas growth under
N-rich conditions yields rough surfaces  [8] [9], and we
associate the crossover point between these morpholo-














2 RHEED pattern during growth  [3] [4],





2 pattern during growth  [9] [11]. It is
important to resolve this discrepancy, not only to under-




2 as a potential indicator
of growth quality, but also to avoid incorrect assign-
ments of film polarity based on the surface reconstruc-
ti n. Some indication of a possible solution can be
found in the previous papers, in which it is noted that the
type of nitrogen source used (in particular, its energetic





diffraction pattern  [3]. For these reasons, we have
undertaken an exhaustive search, using multiple nitro-










observe a distinct transition from rough to smooth mor-














 be obtained by nitridation of the surface at
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elevated temperature, but this is quite distinct from any
structure which could be seen during growth with both
Ga and N fluxes active). Very similar results were
obtained for all four of the nitrogen sources we have





parameter in the results. As discussed below, we believe




2 structures during growth reported
previously may arise from the unintentional presence of




These experiments are performed in a combination
growth and analysis system. Samples are prepared by





ecules. Four different sources have been used: the first
from SVT Associates, the second being this same SVTA
source combined with a home built magnetic filter
which effectively removed energetic ions from this








 reduction in ion current
emitted from the source under typical growth condi-
tions), the third a Unibulb source from EPI Technology,
and the fourth being a CARS-25 source from Oxford
Applied Research. Generally, the ion content and effi-
ciency (in terms of growth rates) varied considerably
amongst the various sources. The RHEED patterns pre-
sented below were obtained with the EPI source, which

















 Torr and plasma power level of 500 W.
However, we emphasize that all of the sources used gave
identical results in terms of RHEED patterns as those
shown below. The Ga-face films discussed here were
grown by homoepitaxy using GaN on sapphire films
grown by metal organic chemical vapor deposition
(MOCVD) as an atomic-scale template. The MOCVD
layers were relatively flat (RMS roughness of 0.4 nm












m area) indicative of Ga-polar mate-
rial  [16] [17] [18], with surface morphology as seen by
atomic force microscopy (AFM) very similar that
reported in Refs.  [19] [20]. The MOCVD films were
cleaned with solvents prior to being loaded into the
MBE chamber. In the growth chamber, they were





C for about 5 minutes prior to opening
the Ga shutter to begin the GaN growth. Following
growth, samples were transferred through a UHV gate
valve into the adjoining analysis chamber, which
includes STM, low energy electron diffraction (LEED)
and Auger electron spectroscopy (AES). Base pressure










3 Results and Discussion
 
In this section we first provide some general results of
the homoepitaxial growth of GaN, all of which are in
good agreement with those of previous workers  [8] [9]





2 reconstruction. Consistent with the




  [9], we find that homoepitaxy of
GaN by plasma-assisted MBE on the MOCVD grown
layers yields films with smooth, flat morphology. In
some cases we find large growth spirals on the surface
[13] [14]. In other cases, depending on the precise





races separated by trenches up to 50 nm deep, as pic-
tured in the AFM image of Figure 1. The RHEED
patterns from such surfaces are streaky, indicative of
flat morphology. These films grown on MOCVD mate-
rial are known to be Ga-polar, based on our prior deter-
mination of film polarity  [11] [12]; the MOCVD layers
themselves are believed to be Ga-polar based on their
growth conditions and flat morphology  [16] [17] [18],
and overgrowth of the MBE film apparently preserves
this polarity. This preservation of the polarity is consis-
tent with results from cross-sectional transmission elec-
tron microscopy (TEM), in which the interface between
the MOCVD and MBE layers is found to be practically
invisible, as shown in Figure 2.
As described by previous workers  [8] [9], an abrupt
transition in the growth morphology occurs when one
varies the Ga to N flux ratio from Ga-rich to N-rich con-
ditions. In the former case, the smooth flat morphology
is obtained, as described above, whereas in the latter
case a spotty RHEED pattern is formed indicative of a
rough morphology. We note that the labels Ga-rich and
N-rich are somewhat qualitative, based primarily on the
RHEED results themselves, although it is generally
believed that the transition between these growth
regimes does in fact occur when the effective nitrogen
and the gallium fluxes are equal (this is discussed in Ref.
[10] for the N-face, although, as shown below, a similar






RHEED studies of the smooth-to-rough transition
obtained in our growth system are shown in Figure 3.
Those patterns were obtained in the growth environ-













 Torr and plasma power level of 550
W. Figure 3(a) shows the RHEED pattern in the Ga-rich
regime, displaying streaky, somewhat faint lines with no
evidence of any reconstruction along either the(1120) or
the (1100) azimuths. When the Ga flux is reduced by a
sufficient amount, this pattern shows a distinct brighten-





1 pattern with the desorption of any excess Ga
from the surface; recent STM results indicate the pres-
ence of a double layer of Ga on the Ga-face in the Ga-
rich regime  [13], and the transition from Figure 3(a) to
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(b) indicates that this Ga-rich phase is no longer stable
under the reduced Ga flux. We do not know the exact
structure of the surface which exists under the condi-
tions of Figure 3(b), but presumably it consists of a
bulk-terminated GaN bilayer (Ga-face oriented out-
wards) together with some possibly mobile Ga and/or N
adatoms on the surface. Most significantly for the pur-









struction on this surface, despite having carefully
searched for such a structure with a wide range of
growth parameters and using the various nitrogen
sources discussed above. It is important to note that the





 allowing for some GaN growth) pro-
duces a spotty RHEED pattern, as shown in Figure 3(c).
This pattern is believed to arise from kinetic roughening
of the surface due to a limited Ga diffusion in the pres-
ence of excess nitrogen on the surface  [9], an interpreta-
tion which is supported by recent computations
indicating substantially reduced Ga diffusion rates on N-
rich GaN surfaces  [21].
Figure 4 shows results for the gallium flux corre-
sponding to the transition between rough and smooth
surface morphology as a function of substrate tempera-
ture. These measurements were performed by observing
the RHEED pattern while changing the gallium effusion
cell temperature. The critical flux at the transition point





and rises above this value. This is similar to the behavior













[4]. Based on limited measurements of the N-face, the
transition flux and its temperature dependence is similar
for the nitrogen and gallium faces, as shown in Figure 4.





tion by varying the gallium flux above and below this
critical transition value, for substrate temperatures




C. During this search we did not





As described above we find precisely the same
smooth-to-rough transition as a function of decreasing
Ga to N flux ratio as seen by previous workers, with the









2 reconstruction as found in some of the prior





during growth  [1] [3] [4], some groups observe rela-
tively weak patterns  [2] [6] [7] [8], and other groups





ing growth  [5] [9]. We consider it important to under-




2 structure, since it have been
cited as a indicator of optimal growth  [3] [4] and it pro-
vides a potentially important signature of the film polar-
ity  [11] [15]. Thus, we undertook the exhaustive studies





during growth, but without success. A possible explana-
tion for this result is simply that we have failed to
achieve the necessary kinetic conditions necessary to
obtain this reconstruction. However, this explanation





2 in past studies and our relatively extensive search
through various growth parameters. We are thus lead to










involving the presence of unintentional atoms, such as
As or Mg, during the GaN growth.
The possible presence of arsenic in GaN MBE sys-
tems is not unlikely, since many of these systems were
previously used for growing GaAs. Indeed, arsenic has
been demonstrated to be a significant surface contami-
nant in the growth of cubic GaN(001), producing a









[23]. The high vapor pressure of arsenic, of course,
makes it readily available in the gas phase when parts of
the chamber are heated during growth. Magnesium, a
commonly used dopant in GaN, may also be present in





2 reconstruction from some foreign atom on the GaN





2 adatom structure is a very common recon-
struction on 3-fold symmetric semiconductor faces such





seen with widely varying intensity by different groups is
consistent with varying amount of foreign atoms in their
vacuum systems. In our own case, the MBE chamber
used in our studies has never been exposed to As or Mg.
Since it was constructed, it has been used only for GaN
growth, using Si as a doping source. Residual gas analy-
sis of the background gas in the growth system reveals





















, but all at lev-
els far below that which could produce significant sur-





spectroscopy is routinely performed on our samples, and
no trace of any foreign species is observed within the
sensitivity (few % of monolayer) of this technique.









 growth may be due to some extrinsic








2 structure can be obtained on the GaN surface under
non-growth conditions. In particular, nitridation of the
surface at elevated temperature produces half-order
streaks along both the (1120) and the (1100) azimuths,
the former of which is shown in Figure 3(d). The





 reducing the Ga flux to zero), thereby expos-









2 reconstruction is obtained; similar results have been
obtained for sample temperatures in the range 550–
https://doi.org/10.1557/S1092578300000843
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2 pattern during growth interrupts  [5].





2 pattern is shown in Figure 5, obtained from a sur-




C. Much of the surface is
disordered, consistent with the fact that the half-order
diffraction lines seen in RHEED are not very sharp.





struction are seen throughout the image. It is important
to realize that the RHEED pattern from the surface of
Figure 5 was streaky (similar to Figure 3(d)), even
though the surface morphology is somewhat disordered
and rough. This surface obtained by nitridation is thus
distinct from that obtained growth under N-rich condi-
tions (as in Figure 3(c)). Furthermore, the surfaces
obtained by nitridation are definitely rougher than a typ-
ical Ga-rich growth surface. We thus conclude that the
nitridation itself produces some surface roughening,
possibly as a result of surface decomposition in the
absence of the excess Ga layers which are present in the
Ga-rich regime. 





cell is observed, which is consistent with a simple ada-
tom reconstruction (but does not exclude other types of




 ordered vacancy reconstruc-





2 structures are found to be energeti-
cally favorable within a certain range of the allowed Ga














face is formed by nitridation suggests that what we




2. It should be





2 structures could be stable under Ga-rich














4, are needed to describe the equilibrium


















2 Ga adatom structures are either unstable or are sta-
ble over smaller ranges of chemical potential than indi-
cated in Ref.  [12].





ment is not possible during growth of GaN, although





nitriding the surface at elevated temperature). However,








2 during growth, but
only under certain unusual growth conditions and only
for a short amount of time. This is achieved by first clos-
ing the Ga shutter under dim, streaky, slightly Ga-rich










the Ga flux is reduced by approximately a factor of four.
Upon opening the Ga shutter at the substantially




 remains for several minutes,
but the surface begins to slowly roughen, as indicated by
the RHEED pattern becoming less streaky. Thus, it




 may exist under extremely N-rich
growth conditions, although we find that a smooth





In conclusion, we have studied the RHEED patterns
formed during growth of the GaN(0001) surface. We
find good agreement with previous works describing a
smooth-to-rough transition of the surface morphology as
a function of decreasing Ga to N flux ratio  [8] [9]. In





RHEED pattern at this transition point, which we asso-
ciate with the desorption of excess gallium from this Ga-
face surface. Nitridation of the surface in the absence of




2 pattern. STM imaging
of the resulting surface reveals a somewhat disordered





reconstruction. In contrast, growth under N-rich condi-
tions produces a spotty RHEED pattern, indicative of
three-dimensional growth resulting from kinetic rough-
ening of the surface [9] [21]. Despite an exhaustive









 growth of the GaN(0001) surface, in
contradiction to the results of some previous workers








growth either results from the particular choice of
growth parameters used in our case, or, alternatively,




2 reconstruction observed by the
other groups is of extrinsic origin involving the presence




We are grateful to many persons who have





reconstructions during GaN growth,
including T. Boettcher, O. Brandt, P. Cohen,
G. Feuillet, T. Foxon, S. Guha, E. Hellman,
O. Hughes, J. Speck, and E. Tarsa. We also
thank J. Neugebauer, J. Northrup, and T.
Zyweitz for useful discussions concerning
GaN surface energetics. This  work was
supported by the Office of Naval Research
under grants N00014-96-1-0214 (Carnegie
Mellon Univ.) and N00014-96-1-1008 (Univ.
West Virginia), and by the National Science
Foundation under grant DMR-9321957
(Univ. Maryland).
https://doi.org/10.1557/S1092578300000843
Downloaded from https://www.cambridge.org/core. West Virginia University, on 17 Oct 2018 at 14:54:50, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
 
 MRS Internet J. Nitride Semicond. Res. 3, 12 (1998). 5




[1]  M. E. Lin,  S. Strite,  A. Agarwal,  A. Salvador,  G. L.







, 702-704 (1993).  
[2]  W. C. Hughes,  W. H. Rowland,  M. A. L. Johnson,
Shizuo Fujita,  J. W. Cook,  J. F. Schetzina ,  J. Ren,  J. A.
Edmond , 
 




, 1571-1577 (1995).  
[3]  K IWATA,  H ASAHI,  SJ YU,  K ASAMI,  H FUJITA,
M FUSHIDA,  S GONDA, 
 













, 2507-2509 (1996).  
[5]  J. M. Van Hove,  G. Carpenter,  E. Nelson,  A. Wowchak,
P. P. Chow, 
 




, 154 (1996).  
[6]  W. S. Wong,  N. Y. Li,  H. K. Dong,  F. Deng,  S. S. Lau,






, 159 (1996).  






, 1685-1687 (1997).  
[8]  R. Held,  D.E. Crawford,  A.M. Johnston,  A.M. Dabiran,
P.I. Cohen, 
 




, 272-280 (1997).  







, 5472-5479 (1997).  
[10]  R. Held,  D. E. Crawford,  A. M. Johnston,  A. M.
Dabiran,  P. I. Cohen, 
 




, 913-934 (1998).  
[11]  A. R. Smith,  R. M. Feenstra,  D. W. Greve,  M. S. Shin,







, 2114-2116 (1998).  
[12]  A. R. Smith,  R. M. Feenstra,  D. W. Greve,  J.
Neugebauer,  J. E. Northrup, 
 




, 3934 (1997).  
[13]  AR Smith,  V Ramachandran,  RM Feenstra,  DW Greve,
M-S Shin,  M Skowronski,  J Neugebauer,  JE Northrup, 
 
J.




, 1641-1645 (1998).  
[14]  AR Smith,  RM Feenstra,  DW Greve,  M-S Shin,  M
Skowronski,  J Neugebauer,  J Northrup, 
 
J. Vac. Sci. Technol. B
 
16, 2242-2249 (1998).  
[15]  E. S. Hellman, MRS Internet J. Nitride Semicond. Res. 3,
11 (1998).  
[16]  F.A. Ponce,  D.P. Bour,  W.T. Young,  M. Saunders,  J.W.
Steeds, Appl. Phys. Lett. 69, 337-339 (1996).  
[17]  B Daudin,  JL Rouviere,  M Arlery, Appl. Phys. Lett. 69,
2480-2482 (1996).  
[18]  J. L. Rouviere,  M. Arlery,  R. Niebuhr,  K. H. Bachem,
Olivier Briot, MRS Internet J. Nitride Semicond. Res. 1, 33
(1996).  
[19]  D. Kapolnek,  X. H. Wu,  B. Heying,  S. Keller,  B. P.
Keller,  U. K. Mishra,  S. P. DenBaars,  J. S.Speck , Appl.
Phys. Lett. 67, 1541-1543 (1995).  
[20]  PJ Hansen,  YE Strausser,  AN Erickson,  EJ Tarsa,  P
Kozodoy,  EG Brazel ,   JP Ibbetson,  U Mishra,   V
Narayanamurti,  SP DenBaars,  JS Speck, Appl. Phys. Lett. 72,
2247-2249 (1998).  
[21]  T Zyweitz,  J Neugebauer,  M Scheffler, unpublished.  
[22]  G. Feuillet,  H. Hamaguchi,  K. Ohta,  P. Hacke,  H.
Okumura,  S. Yoshida, Appl. Phys. Lett. 70 , 1025-1027
(1997).  
[23]  O. Brandt,  H. Yang,  B. Jenichen,  Y. Suzuki,  L.
Daweritz,  K. H. Ploog , Phys. Rev. B 52 , R2253-R2256
(1995).  
[24]  K Rapcewicz,  MB Nardelli,  J Bernholc, Phys. Rev. B
56, r12725-r12728 (1997).  
FIGURES
Figure 1. 5 µm × 5 µm AFM image of the surface morphology
of a (0001) oriented GaN film (Ga-face). The MBE film, grown
at 750°C, is about 0.7 µm thick, and was grown on top of a 1
µm thick MOCVD-grown GaN film on sapphire. The grey-
scale of the image ranges from 0 (black) to 24 nm (white). 
Figure 2. Cross-sectional TEM image of a GaN film, consisting
of ≈160 nm of MBE-grown material (as estimated from stylus
profilometry measurements) on a 1 µm thick MOCVD-grown
layer. An interface between the MBE and MOCVD layers can
be very faintly seen, located 190 nm below the surface;
generally this interface between the layers appears to be
epitaxial and continuous. The apparent large surface pit seen on
the left hand side of the image is due to the specimen thinning
used in TEM sample preparation. 
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Figure 3. RHEED patterns of GaN(0001) surface with electron
beam along the (1120) direction. (a) Ga flux of 7.5×1014 cm–
2s–1 (effusion cell temperature of 1095°C), (b) initial pattern
with Ga flux of 6.3×1014 cm–2s–1 (effusion cell temperature of
1085°C), (c) same flux as (b) but after waiting several minutes,
and (d) same surface as (a) but after reducing Ga flux to zero. 
Figure 4. Critical gallium fluxes corresponding to the transition
between rough and smooth surface morphology as seen by
RHEED, as a function of sample temperature. The line is drawn
as a guide to the eye. 
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Figure 5. STM image of surface nitrided at 600°C, showing small ordered areas of 2×2 reconstruction. Sample bias = –2.0 V; tunnel
current = 0.075 nA; gray scale range = 0.3 nm.  
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